Patient-ventilator asynchrony has been associated with adverse outcomes. The largest body of investigation has focused on ineffective ventilator triggering. Nevertheless, the effect of other patterns of asynchrony on patient outcomes is unknown. The purpose of this study was to assess the performance of specific patterns of asynchrony in their ability to predict prolonged mechanical ventilation.
Mechanical ventilation (MV) is a life saving treatment for patients with acute respiratory failure. Its implementation attempts to achieve several goals, such as improvement of gas exchange, reduction of patients' work of breathing and unloading of respiratory muscles. In circumstances in which patients are heavily sedated or under treatment with neuromuscular blockers, patientventilator synchronisation is eventually assured. Nevertheless, the aforementioned strategy may result in ventilator-induced diaphragmatic dysfunction, with its undesirable consequences [1] [2] [3] . Essentially, patient-ventilator interaction depends on the way the ventilator responds to the patient effort and, simultaneously, the way the patient responds to the breath delivered by the ventilator. Ideally, these two responses should match perfectly to achieve optimal synchrony. However, depending on numerous factors, such as the length and frequency of the observation period and utilisation of the detection method, the prevalence of patient-ventilator asynchrony may be as high as 80% 4, 5 . The presence of worsened patientventilator interaction is associated with adverse effects. Particularly, increased work of breathing, discomfort, prolonged duration on MV and longer intensive care unit (ICU) and hospital length-ofstay have been described 4, [6] [7] [8] . The largest body of data focused on a specific pattern of patient-ventilator asynchrony, ineffective (missed) triggering [9] [10] [11] . Other studies utilised a composite parameter, known as the asynchrony index, which accounts for every asynchrony event and relates them with the total Asynchrony As predictor of prolonged ventilAtion Anaesthesia and Intensive Care, Vol. 40, No. 6, November 2012 respiratory rate 12 . The presence of an asynchrony index higher than 10% has been associated with prolonged duration on MV and increased need for tracheostomy. Despite this broad attention to patient-ventilator interaction, many gaps remain in our understanding of the implications of specific patterns of asynchrony on patient outcomes. Specifically, how do individual patterns of patient-ventilator asynchrony compare in their ability to predict prolonged MV? The present study addresses this question based on a consecutive series of mechanically ventilated patients admitted to an ICU at Creighton University Medical Center.
METHODS
The Investigational Review Board of Creighton University Medical Center approved the study (IRB 11-16094) and informed consent was waived. This was a prospective study, which included patients admitted in the ICU at Creighton University Medical Center from 15 June to 31 July 2011. Subjects who required tracheal intubation and MV within 48 hours of admission were considered and followed until they were liberated from the ventilator. Patients who spent at least 72 hours on MV were deemed eligible. The presence of tracheostomy prior to ICU admission, MV dependency, treatment with neuromuscular blockers and Glasgow Coma Scale lower than 8 (in the absence of sedatives) were exclusion criteria for this study. Only MV survivors were eligible to avoid a false reduction of mechanical ventilation-days due to mortality while on ventilatory support.
All eligible subjects were mechanically ventilated with the same type of ventilator (Servo-I Adult, Maquet Inc., New Jersey, USA). Sedation of patients on MV was managed according to an ICU protocol, which aims to achieve specific goals on the Richmond Agitation Sedation Scale (RASS) 13 . Patient-ventilator asynchrony was determined via graphic analysis of pressure-time and flow-time waveforms on the ventilator screen. Asynchrony patterns were collected on daily evaluations for three consecutive days. Each evaluation was performed over one minute at the bedside. Whereas one investigator (A. Modrykamien) clinically measured the patients' respiratory rate over one minute, other investigators (R. Brimeyer and V. K. Gogineni) collected type and quantity of asynchrony events over the same minute. This procedure was repeated on three consecutive days to account for eventual temporary reasons for patient-ventilator asynchrony. On admission the following data were collected: patient's age, gender, Acute Physiology and Chronic Health Evaluation II score, mode of MV, P a O 2 /FiO 2 ratio, positive end-expiratory pressure (PEEP), RASS and reason for ICU admission (medical, surgical, trauma, neurosurgical).
Assessment and definition of patient-ventilator asynchrony patterns
The presence of patient-ventilator asynchrony was evaluated according to the phases of the breathing cycle, as described elsewhere [14] [15] [16] [17] . Within each phase, specific patterns of patient-ventilator asynchrony were analysed ( Figure 1 g. Auto-PEEP During each of these assessments, respiratory efforts were calculated as the sum of the patient's respiratory rate measured clinically, plus the number of episodes of ineffective triggering, measured from the ventilator graphic. The average number of respiratory efforts (mRE) over three days of evaluation was calculated. The average number of each specific pattern of patient-ventilator asynchrony (mPattern) was calculated as the total number of episodes divided by three.
For each specific pattern, a pattern-specific asynchrony index was calculated, as follows: Pattern-specific asynchrony index=mPattern/mREs A composite asynchrony index was calculated as the sum of each mPattern, divided by mREs.
Outcome
The primary outcome of this study was requirement of MV for longer than seven days. Each day was counted from the time the patient was endotracheally intubated.
Statistical analysis
Receiver operating characteristic (ROC) curves were constructed for each pattern-specific asynchrony index, to assess their ability in predicting MV for more than seven days. Areas under the curve (AUC) were compared between indexes and the best cut-off value (based on the highest positive likelihood ratio) was obtained from the best ROC curve. Groups above and below the aforementioned cut-off point were compared. Continuous variables were reported as mean standard deviation. Categorical variables were reported as frequencies and percentages. Student's t-test was used for analysis of continuous data and Fisher's exact test for categorical. MedCalc Statistical Software (version 11.6.1) was used for all calculations.
RESULTS
Thirty-four patients were admitted in ICU and mechanically ventilated during the study period. Out of these evaluable subjects, six patients died while they were on mechanical ventilation, leaving 28 eligible patients (Table 1 ). Fifteen (53%) patients were admitted due to medical conditions. Specifically, there were five subjects with acute lung injury or acute respiratory distress syndrome, five patients with chronic obstructive lung disease exacerbation, three individuals with pneumonia and two patients with agitation secondary to alcohol withdrawal. Four (14%) patients required ICU admission after surgical interventions (one case of oesophagectomy and three cases after large bowel resection). Five (18%) neurosurgical patients required MV. Two of them required ICU admission after subdural haematomas, one post-intraparenchymal bleed and two after brain tumour removal. There were four (14%) patients admitted after trauma with multiple organ involvement. Out of 28 patients, only four (14%) presented with shock requiring vasopressors. Six (21%) patients were treated with corticosteroids, four of them due to chronic obstructive lung disease exacerbation, one patient with adult respiratory distress syndrome and one subject with trauma. All patients were sedated according to an ICU protocol. The mean RASS for eligible patients was -3.17 (±1.36). Four modes of mechanical ventilation were used. Pressure regulated volume control (PRVC) was utilised in eight (28%) patients. Pressure support ventilation (PSV), synchronised-intermittent mandatory ventilation (SIMV) and volume control (VC) were used in six (22%), six (22%) and eight (28%) subjects, respectively. ROC curves for each individual index and for the composite asynchrony index were constructed ( Figure 2 ). These curves represented the ability of each of the aforementioned indices to predict need of mechanical ventilation for more than seven days. The AUC for missed and double triggering indices were 0.66±0.12 and 0.60±0.12, respectively. There were no auto-triggering events. AUC for dish-out and overshooting indices were 0.88±0.09 and 0.61±0.10, respectively. The delayed termination index had an AUC of 0.55±0.12, whereas auto-PEEP index had an AUC of 0.63±0.12. The AUC for the composite asynchrony index was 0.70±0.10. From the ROC curve corresponding to the best predictor, which resulted the dish-out index, a cut-off point with the highest likelihood ratio to predict the outcome of interest was found. A dish-out index of zero was the best cut-off point, and resulting sensitivities, specificities and positive and negative predictive values (PPV and NPV) for the prediction of MV for longer than seven days were 83.3, 90.9, 71.4 and 95.2%, respectively. Characteristics of patients with dish-out indices of zero were compared with those above that point (Table 2) . Notably, there were no statistically significant differences in terms of age, gender, Acute Physiology and Chronic Health Evaluation II score, PEEP, P a O 2 /FiO 2 and RASS between these groups. Nevertheless, patients with a dish-out index of zero remained an average of 4±7 days on mechanical ventilation, whereas those subjects with dish-out indices above that cut-off point were mechanically ventilated for 10±3 days (P=0.05). There were no statistically significant differences in mechanical ventilation modes utilised in patients with dish-out indices of zero or above that cut-off point. PRVC was used in seven (25%) patients with a dish-out index of zero and in one subject (3%) with an index above that point (P=0.26). PSV was used in five (19%) subjects of the first group and one patient (3%) in the other (P=0.38). The number of patients ventilated with SIMV was four (15%) in the first group and two (7%) in the second one (P=0.33). Volume control was applied in six (21%) patients with a dish-out index of zero and in two (7%) patients with indices higher than that value (P=0.36).
DISCUSSION
The main finding of this study is that the dish-out asynchrony index is the best predictor of prolonged (more than seven days) MV compared with other indices, including a composite asynchrony index.
The ROC analysis indicated that the overall performance of individual asynchrony indices (with the exception of the dish-out index) is poor, with AUC ranging from 0.55 to 0.66. The performance of the composite asynchrony index is better, with an AUC of 0.70. Nevertheless, its predictive ability is far behind the one from the dish-out asynchrony index, which had an AUC of 0.88. Therefore, even though the dish-out index does not present excellent accuracy to predict prolonged MV, its performance is relatively good considering its AUC is above 0.8.
Our findings extend the literature by providing an individual evaluation of the most common asynchrony patterns and assessing their ability to predict prolonged MV. To our knowledge, few studies have focused on patient-ventilator interaction and its associated outcomes. Specifically, Fabry et al demonstrated the presence of desynchronisation in patients ventilated with PSV mode 18 . Using waveforms from oesophageal pressure tracings to assess breathing efforts, the authors compared synchronisation between these efforts and flow delivered by the ventilator. Notably, inspiratory and expiratory response delays were found. Nevertheless, no clinical outcomes were addressed in this study. Another landmark study compared patientventilator interaction in four ventilator modes: VC, intermittent mandatory ventilation (IMV), PSV and combination of IMV plus PSV 10 . Interestingly, missed triggering occurred with all modes of MV. Furthermore, progressive increases in the level of ventilator assistance produced an increment in the rate of ineffective (missed) triggering. In concordance with the former study, Vitacca et al assessed the effect of increasing levels of pressure support on the rate of ineffective efforts and patient comfort 19 . Again, missed triggering increased with higher levels of assistance, and patient comfort, which was evaluated by a symptom visual analogue scale and the Borg scale, followed a U-shape trend, with extreme levels of assistance generating the lower levels of comfort. Importantly, this study evaluated the presence of ineffective efforts based on the assessment of ventilator graphics, whereas prior studies had used oesophageal pressure monitoring to evaluate patientventilator interactions. The largest study addressing clinical outcomes associated with patient-ventilator asynchrony included 62 patients ventilated with PSV and VC 12 . Asynchrony was evaluated through visualisation of flow and airway pressure signals. The authors utilised the asynchrony index, which was calculated as described above. Interestingly, ineffective triggering and double triggering contributed to more than 98% of the total number of asynchrony events. Conversely, our study revealed a diversity of asynchrony patterns. Our findings were probably due to the fact that other modes of MV, such as PRVC and SIMV, were applied. Perhaps the most relevant finding of the former study was the association between an asynchrony index higher than 10% and the presence of adverse outcomes. Specifically, patients with indices higher than 10% experienced a prolonged duration on MV (25 vs seven days) and increased rate of tracheostomy (33 vs 4%).
A recent article evaluated the association between ineffective triggering and MV duration, ICU and hospital length-of-stay, and 28-day ventilator-free survival 11 . The authors specifically evaluated the ineffective triggering index, which was calculated by dividing the number of missed triggered breaths by the total number of breaths. Noteworthy, ineffective efforts were obtained from the evaluation of the pressure-time and flow-time waveforms, as it was done in the study described above. Strikingly, ineffective triggering index higher than 10% was an independent predictor of longer MV duration (ten vs four days), longer ICU and hospital length-of-stay, and lower 28-day ventilator-free survival. There were no differences in hospital mortality.
Our findings suggest that asynchrony in delivery of flow, particularly dish-out of the pressure waveform, best predicts prolonged MV. It is conceivable that the lack of match between patient flow demand and ventilator flow delivery constitutes an important determinant of prolonged duration on MV.
Our study has several strengths. It included a variety of patients, belonging to medical, surgical, neurosurgical and trauma ICUs. Four modes of mechanical ventilation were utilised (VC, SIMV, PRVC and PSV) and episodes of asynchrony were found in all of them. The same type of ventilator was utilised in all eligible patients, avoiding adjudication of asynchrony patterns to specific features of different ventilators (e.g. lag-time to open the inspiratory valve). Management of sedation was performed according to an ICU protocol. Oversedation and under sedation, with their known consequences on the duration of MV, were thus minimised.
Our study also has several limitations. First, flowtime and pressure-time waveforms were used for the assessment of patient-ventilator asynchrony. The accepted standard method for detection of patientventilator asynchrony includes the measurement of oesophageal pressure. This technique permits a definitive evaluation of inspiratory and expiratory efforts. The use of ventilator waveforms may lead to over or underestimation of dyssynchrony. In the case of 'waveform noise' due to secretions or cardiac oscillations, overestimation of asynchrony may be wrongly assessed. Conversely, lack of appreciation by the ventilator of a patient's muscular (diaphragmatic) efforts may underestimate the presence of asynchrony. Therefore, this study should probably be repeated using standard methods of patient effort assessment, such as oesophageal pressure monitoring.
Second, the evaluation of asynchrony was performed over a short period of time. Transient episodes of asynchrony were avoided by evaluating patientventilator interactions during three consecutive days. Nevertheless, each evaluation included only one minute of graphic assessment, which might not be enough time for the detection of persistent asynchrony.
Third, this study was performed in a single centre, with a small sample size. Also, we have used only one type of ventilator. These limitations may reduce the external validity and generalisability of the results. Hence, a larger study would be needed to confirm or dismiss our findings.
In summary, patient-ventilator asynchrony is common during MV. A variety of asynchrony patterns can be detected in each phase of the respiratory cycle. Certain patterns of asynchrony have been associated with adverse outcomes such as prolonged MV, increased ICU and hospital length-of-stay, and lack of comfort. Of all these patterns, 'dish-out' of the pressure-time waveform best predicts prolonged MV. Whether correcting the dish-out patterns shortens duration of MV is a question that remains unanswered. Further investigation in this area is certainly warranted.
